There are no functional imaging based biomarkers for pharmacological treatment response in temporal lobe epilepsy (TLE). In this study, we investigated whether there is an association between resting state functional brain connectivity (RsFC) and seizure control in TLE. We screened a large database containing resting state functional magnetic resonance imaging (Rs-fMRI) data from 286 epilepsy patients. Patient medical records were screened for seizure characterization, EEG reports for lateralization and location of seizure foci to establish uniformity of seizure localization within patient groups. Rs-fMRI data from patients with wellcontrolled left TLE, patients with treatment-resistant left TLE, and healthy controls were analyzed. Healthy controls and cTLE showed similar functional connectivity patterns, whereas trTLE exhibited a significant bilateral decrease in thalamo-hippocampal functional connectivity. This work is the first to demonstrate differences in neural network connectivity between well-controlled and treatmentresistant TLE. These differences are spatially highly focused and suggest sites for the etiology and possibly treatment of TLE. Altered thalamo-hippocampal RsFC thus is a potential new biomarker for TLE treatment resistance.
Introduction
Temporal lobe epilepsy (TLE) is the most common type of focal epilepsy 1 . For most patients, seizures can be controlled with antiepileptic drugs (AEDs) and other treatments, but nearly a third of all cases remain resistant to therapy 2 . Drug resistant epilepsy is diagnosed when seizure freedom cannot be achieved after two trials of adequately chosen and tolerated AEDs 3 . The reasons why seizures in some patients respond well to AEDs while they do not in others remain poorly understood. Potential causes include genetic variants, drug target desensitization, and activity increase of drug efflux transporters [4] [5] [6] [7] . Associations between intractability, neurological network changes, and phenotype severity have been hypothesized [8] [9] [10] . Despite many advances, we lack comprehensive understanding of the effect of these alterations on the phenotype and subsequently, their contributions to treatment response remain largely unknown.
The lack of biomarkers to predict treatment response in focal epilepsy has long been noted 11 . While treatment-resistant TLE has been widely studied comparative studies of well-controlled and treatment-resistant patient populations are rare, yet informative. Recently, morphological changes of the corpus callosum in patients with early diagnosed focal epilepsy have been associated with treatment response 12 , and gray matter atrophy has been found to be more widespread in patients with pharmacoresistant mesial TLE than in well-controlled patients 13 . No differences of any functional imaging based biomarkers have been reported yet for intractability in epilepsy.
Resting state functional magnetic resonance imaging (Rs-fMRI) provides a powerful means to evaluate neural network connectivity and its alterations in epilepsy. Over the past decades, a number of Rs-fMRI studies of TLE have provided evidence for altered MRI-resting state functional connectivity (RsFC) patterns in TLE. Most studies found decreased RsFC between seizure network and ipsilateral structures of the temporal lobe, and increased RsFC between seizure network and contralateral temporal lobe structures [14] [15] [16] . Several studies, however, found decreased RsFC between seizure network and contralateral temporal lobe structures 17 (reviewed in Centeno et.al, 2014 18 ). None of these studies investigated differences between treatment-resistant and well-controlled patients. Hence, the effect of these network-alterations on the phenotype and their contributions to treatment response remain largely unknown.
Comparative imaging studies between treatment-resistant and well-controlled patients are difficult for a number of reasons. Epilepsy is a heterogeneous disorder and alterations in neural network organization that would relate to treatment response can easily be masked by functional connectivity alterations due to the anatomical diversity of seizure focus locations 19 We took advantage of an existing large imaging database at the NYU Langone Epilepsy Center, to study differences between tractable and intractable TLE patients, as well as control subjects. The database contains advanced imaging datasets from more than 600 patients and healthy controls, including detailed case characterizations, and Rs-fMRI data for a subset of individuals. Access to this large number of cases allowed us to focus on TLE cases and apply stringent criteria for the unbiased selection of patients with homogeneous conditions. To avoid potential confounds arising from differences in seizure focus lateralization, we focused on TLE patients only. Cases were separated into groups of right and left unilateral TLE patients and subsequently further divided into tractable and intractable cases. While this approach diminished the number of usable cases, we ultimately arrived at sufficiently large patient group sizes to test our hypothesis and show significant differences between patient groups.
We applied Rs-fMRI to explore a potential relationship between functional network changes and treatment response in TLE. We investigated differences in functional connectivity between regions of interest (ROI) within and beyond the epileptogenic network in patients with treatment-resistant and patients with wellcontrolled epilepsy. We targeted ROI-to-ROI connections of hippocampal and thalamic origin, as well as structures in proximity to the seizure network, including the amygdala, fusiform gyrus, and nucleus accumbens. We found robust and significant differences in functional connectivity patterns between TLE patients with controlled versus uncontrolled seizures. Thus, RsFC can potentially serve as a biomarker for treatment response in TLE. Table 1 . For individual subject information see Supporting   Table- S1. For detailed clinical information see Table-S3 and output values were used for analyses ( Figure 1 ).
Methods

Subjects
Region of interest (ROI) selection
We investigated ROI-to-ROI connections between separate brain regions. Of all possible connections (164x164), we restricted our analyses to a specific set of 35
connections (see SI for detailed table). Past literature of trTLE suggested predictability of seizure focus lateralization through measurement of RsFC between the thalamus, hippocampus and amygdala 27 . We therefore selected thalamic connections as well as temporal regions (hippocampus, amygdala, fusiform cortex) that were expected to be in proximity to the assumed seizure focus. In addition, RsFC between ROIs from well-studied networks (default mode, salience and attention network) as well as ROIs unlikely to be altered by TLE, such as cerebellum and brainstem, were included for control measures.
Using these 35 connections, we investigated individual differences as well as differences between the three groups (Supporting Table-S2) .
Lastly, we separately tested an additional set of seven ROI-to-ROI connections which have previously been shown to be predictive of postsurgical failure 28 .
These six connections include: left inferior temporal -to -left pallidum, left lateral occipital -to -left amygdala, left anterior middle temporal gyrus -to -left putamen, left superior temporal region -to -left anterior insula, left superior temporal -to -left anterior insula, and left anterior cingulate -to -left hippocampus, and left superior frontal gyrus -to -left medial temporal lobe (as an approximation of the uncinate fasciculus connections) (Supporting Table- S2b).
Statistical analysis
Analyses were performed using IBM SPSS v22. ANCOVA was applied to detect differences in RsFC between the three groups with age at time of scanning as a covariate. Post-hoc Tukey t-tests with Bonferroni multiple comparison correction were used on significant omnibus group results. In addition, to correct for multiple hypothesis testing of 35 ROI-ROIs, results significantly differing between trTLE and cTLE groups were corrected once more for multiple comparison (Bonferroni).
To probe the combined measurements' power to distinguish between cTLE and trTLE, we modeled significant thalamo-hippocampal connections in a mixedeffects model for repeated measures. In the model, group and hemisphere were included as fixed effects and subject was included as a random effect to account for the spatial repeated measurements by hemisphere. For this analysis we utilized the R software tool and confirmed the results by using SAS software suite.
To visualize the relationship between the significant RsFC values within our sample, we plotted the connectivity measures for both thalamo-hippocampal connections (left and right) in a two-dimensional canonical space. These individual results can be clustered according to our clinical groups. By computing the distance between these cluster-clouds (which we will refer to as the Mahalanobis distance (MD)), we arrive at a unitless measurement of difference between the groups. This unit-independent, scale-invariant, and correlation independent approach allows for the measurement of distance between a point (defined by the center of the cluster of one group) and a distribution (defined by the distribution of the other group) in multidimensional space. We chose to use this measure because of its reliability when comparing two or more dependent variables as in the case of bilateral functional connectivity between two brain regions. If the two groups resemble each other in their bilateral thalamohippocampal RsFC, then we expect a small MD between the centers of the cluster clouds. If on the other hand the two groups can be distinguished along the measure of those connections, then we expect a larger MD.
Additionally, to account for our small sample size we applied randomization and bootstrapping methods to the MD approach. We used the true, non-randomized, clinical groups and bootstrapped the MD by running 10,000 iterations (sampled with replacement). To judge reliability of the MD results (original and bootstrapped), we performed a second bootstrapping using randomized groups.
We randomly assigned each subject to one of two arbitrary groups and then calculated the MD between these groups (again 10,000 runs, sampled with replacement). By bootstrapping true MD results and comparing these with results from randomized groups we are able to increase the reliability of our results within the statistical limitations of our sample size.
Results
We investigated RsFC across 35 ROI-to-ROI connections of hippocampal and thalamic origin, as well as amygdala, fusiform gyrus, nucleus accumbens, default mode, salience, and attention network, brainstem and cerebellar ROIs (for a full list of RsFC results see Supporting Table-S2 Functional connectivity between those regions was decreased in trTLE patients (ANCOVA, F (2,24) = 3.67, p = 0.04, r = 0.26) (Figure 2b) . However, post-hoc Bonferroni correction (p=0.063, for ANCOVA) revealed that right thalamohippocampal RsFC was not significantly decreased in people with trTLE when compared to people with cTLE. These results demonstrate differences in thalamo-hippocampal RsFC between people with well-controlled and treatmentresistant left TLE that were more pronounced in the hemisphere ipsilateral to the seizure onset.
Following up on the differences in thalamo-hippocampal RsFC between trTLE and cTLE groups, we were interested in the consistency of these effects from subject to subject. Figure 3 Group-level and individual-subject level analyses (Figures 2 and 3) suggest that thalamo-hippocampal RsFC might serve as a biomarker for trTLE. To explore this possibility further, we plotted right and left thalamo-hippocampal RsFC for each patient in a scatter plot (Fig. 4) . We characterized cTLE and trTLE group cluster separation with the Mahalanobis distance and assessed its significance using bootstrapping (see Methods). The distance between the true groups was significantly higher (21.1 ±18.7) than the distance between the randomized groups (0.7 ±1.0) ( Figure 5 ). Thus, left and right thalamo-hippocampal RsFC measures allowed for a differentiation between cTLE and trTLE. Moreover, we combined measurements of right and left hemispheric thalamo-hippocampal RsFC to test for overall difference between the two groups. This mixed effects model found the group effect to be significant at p=0.0004, while there was no significant group-by-hemisphere interaction (p=0.14). Together, these results
show a highly significant difference in thalamo-hippocampal RsFC between the two patient groups.
Separately, we analyzed seven functional connections that have previously been shown to predict post-surgical outcome (see Methods). Of those seven, none were significantly different between groups using the same ANCOVA method as described above (duration of epilepsy as covariate, multiple comparison correction).
Discussion
Using functional connectivity correlates of treatment response in TLE, we discovered that thalamo-hippocampal RsFC was abnormal in strength and direction in trTLE relative to cTLE and HCs. The differences were large and robust to multiple comparison correction, as well as consistent across different analytic methods. These results implicate thalamo-hippocampal RsFC measures as a potential biomarker for TLE treatment response. This is the first time RsFC differences between well-controlled and treatmentresistant TLE patients have been found. Previous studies investigated RsFC patterns in trTLE patient populations alone, while comparison of RsFC across different brain regions in trTLE versus cTLE has never been studied. We found a difference between left trTLE and left cTLE in RsFC strength and directionality that was localized to thalamo-hippocampal pathways and was more pronounced in the left hemisphere and thus, ipsilateral to the seizure focus. Thus, RsFC abnormalities in trTLE appear to be spatially localized rather than global or particularly pronounced on the side ipsilateral to seizure onset.
Surprisingly, we found reduced, not enhanced, thalamo-hippocampal connectivity as a signature of trTLE. The mechanisms driving reduced thalamo-hippocampal connectivity are unclear but may involve thalamic nuclei such as the medial dorsal thalamic nuclei and the nucleus reticularis. The medial dorsal thalamic nuclei are critical for limbic seizure propagation 29 , and unilateral stimulation of this nucleus in kindling models suppresses limbic seizures 29, 30 34 , and structural brain connectome measures both, pre-and postoperatively are associated with postsurgical seizure freedom in TLE 28, 35 . Importantly, analyses of RsFC between seven ROI-to-ROI connections that had previously been implicated to be predictive of surgical failure revealed no differences between groups. These Contour lines are added representing the probability distribution function (minmax). Figure 5 . The Mahalanobis distance between the two group clusters (for bilateral thalamo-hippocampal connectivity, see Figure 4 ) was randomized (10,000x
bootstrap -with replacement). Randomization was performed once on subject data assigned to the correct groups (trTLE and cTLE, green) and once when subject data was randomly assigned to one of the two groups (blue). The histogram results of the bootstrapping are shown for both real and random groups. With random groups approaching zero, or no significant Mahalanobis distance. Real group distances ranged from 1 to over a 100 (shown here for the range 0 to 50). 
